7S globulins were extracted from common bean (Phaseolus vulgaris L.) seeds and characterized. SDS-PAGE showed major bands corresponding to the phaseolin subunits (43)(44)(45)(46)(47)(48)(49)(50)(51)(52)(53). An amino acid analysis indicated that, in spite of the limited amounts of sulphur amino acids and tryptophan, the globulins contained very high levels of essential amino acids. The protein solubility profiles of native and denatured (120 C for 20 min) 7S globulins in water and in 0.5 M NaCl showed that NaCl had a limited effect on increasing the solubility of either the native or denatured proteins. The in vivo small intestinal digestibility of the 7S globulins was 90%, this being decreased to 86% after a thermal treatment. Fourier transform infrared spectroscopy revealed a high content of -sheet and -turn structures, together with a contribution at 1687 cm
7S globulins were extracted from common bean (Phaseolus vulgaris L.) seeds and characterized. SDS-PAGE showed major bands corresponding to the phaseolin subunits (43-53 kDa). An amino acid analysis indicated that, in spite of the limited amounts of sulphur amino acids and tryptophan, the globulins contained very high levels of essential amino acids. The protein solubility profiles of native and denatured (120 C for 20 min) 7S globulins in water and in 0.5 M NaCl showed that NaCl had a limited effect on increasing the solubility of either the native or denatured proteins. The in vivo small intestinal digestibility of the 7S globulins was 90%, this being decreased to 86% after a thermal treatment. Fourier transform infrared spectroscopy revealed a high content of -sheet and -turn structures, together with a contribution at 1687 cm
À1
that was assigned to intramolecular -sheets. These features are diagnostic of a high propensity to irreversible aggregation that may be related to an adverse effect on the protein quality.
Key words: 7S globulin; Phaseolus vulgaris; protein quality; structure; FT-IR Phaseolin, one of the major legume proteins for human nutrition, is a 7S trimeric glycoprotein that is stored in the protein bodies of the common bean (Phaseolus vulgaris L.). The storage proteins from legume seeds are classified according to their sedimentation coefficient as 2S, 7S or 11S globulins. Native 7S proteins, also known as ''vicilins,'' are trimeric or tetrameric globulins with heterogeneous polypeptides of M r greater than or equal to 40000. Considerable molecular information, including an Xray three-dimensional structure determination, is now available concerning the seed storage proteins of legumes, either 7S 1) or 11S globulins.
2)
The X-ray resolved structures of phaseolin from kidney bean (P. vulgaris L.), 1) canavalin from jack bean (Canavalia ensiformis L.) 3) and -conglycinin from soybean (Glycine max L.) 4) show that they share a high degree of similarity ($60%) and homology ($90%), and a similar three-dimensional structure to the vicilin monomers of peanut, lentil and pea.
5) The two-domain motifs are similarly arranged in a homotrimeric assembly in phaseolin, canavalin and -conglycinin.
5) A remarkable resistance of this homotrimeric arrangement to both thermal denaturation and proteolysis has been reported in several studies. 6, 7) However, in spite of the number of studies available on the heat behaviour and proteolysis of legume proteins, there is insufficient information on the structural properties of storage globulins that may be relevant to their nutritional and functional properties. Most of the techniques that are currently employed for monitoring the changes in protein structure need protein in a soluble state, so they can only provide indirect information about protein aggregates such as those that are known to be built up by the denaturation of legume oligomeric proteins. 8) In this study, purified 7S globulins from common bean (P. vulgaris L.) were characterized by SDS-PAGE, amino acid composition and solubility behaviour under different conditions of pH value and ionic strength. The 7S globulins were denatured by autoclaving at 120 C for 20 minutes, and the properties of the native and heat-treated proteins were compared. The protein conformation was studied by Fourier transform infrared (FT-IR) spectroscopy, a technique that has been successfully applied to studying plant storage globulins. 9, 10) Finally, relationships between the physico-chemical/ structural properties and in vivo small intestinal digestibility of native and denatured 7S globulins are discussed.
Materials and Methods
Purification of the 7S globulins. Dry seeds of a commercial Italian variety of white common bean (Phaseolus vulgaris L.) were used in the study. The raw seeds were ground in a Cyclotec 1093 Tecator (50 mm).
7S globulins were extracted overnight from the raw
To whom correspondence should be addressed. Fax: +39-06-51494550; E-mail: carbonaro@inran.it common bean flour in a 0.15 M-Tris-HCl buffer at pH 8.5 by stirring at 4 C. After centrifugation (40000g for 45 minutes), the supernatant was adjusted to pH 4.5 and centrifuged again at 12000g for 15 minutes. The precipitate (globulins) was redissolved in distilled water, extensively dialysed against distilled water and freezedried.
Heat-treated 7S globulins were obtained by autoclaving for 20 min at 120 C (1 atm). The protein content (N Â 6:25) was determined by the Kjeldahl method.
11)
SDS-PAGE. SDS-PAGE was carried out according to Laemmli 12) on a slab gel of 13% polyacrylamide in the presence of 2-mercaptoethanol.
The samples and standard proteins were dissolved in a buffer (0.05 M Tris-HCl at pH 6.8, 3% SDS, 12% glycerol, 2% 2-mercaptoethanol, and 0.01% bromophenol blue) and heated at 100 C for 5 min. The highmolecular-weight reference proteins (Sigma Chemical Co. St. Louis, MO, USA) were myosin (205000 Da), -galactosidase (116000 Da), phosphorylase b (97000 Da), fructose-6-P-kinase (84000 Da), bovine serum albumin (66000 Da), glutamic dehydrogenase (55000 Da), ovalbumin (45000 Da), and glyceraldehyde-3-P-dehydrogenase (36000 Da). The low-molecular-weight protein markers (Sigma Chemical Co.) were bovine serum albumin (66000 Da), ovalbumin (45000 Da), glyceraldehyde-3-P-dehydrogenase (36000 Da), carbonic anhydrase (29000 Da), trypsinogen (24000 Da), trypsin inhibitor (20000 Da), and -lactalbumin (14200 Da). For each sample, 50 mg of protein was loaded onto the gel. The gel was run at 20 mA for 4 h and then stained with Coomassie brilliant blue R-250.
Amino acid analysis. The amino acid composition of the 7S globulins was determined after their hydrolysis under vacuum with 6 M HCl at 110 C for 24 and 72 h. The amino acids were analyzed with a 118BL amino acid analyzer (Beckman Instruments, Fullerton, CA, USA) and quantified after a reaction with ninhydrin. 13) Cysteine and methionine were determined as cysteic acid and methionine sulfone, respectively, after their oxidation with performic acid. 14) Tryptophan was determined after alkaline hydrolysis. 15) Protein solubility. The protein solubility of the native and heat-treated globulins was determined in the pH range of 1.0-12.0 for a 6 mg/ml protein suspension in either water or 0.5 M NaCl.
The pH value was adjusted by adding small amounts of 0.5 M HCl or 0.5 M NaOH. The suspension was shaken for 1 h and centrifuged (15 min at 4000g). The protein content in the supernatant was measured by the method of Lowry et al., 16) and the protein solubility is expressed as a percentage of the total protein content (N Â 6:25) of the flour.
Fourier transform infrared (FT-IR) spectroscopy. The IR measurements were performed by following the method of Fattibene et al. 17) A sample flour was mixed with KBr powder (2:100 w:w) and then pressed into a pellet under vacuum.
The IR intensity transmitted by the pellet containing the sample (I s ) and that transmitted by a pure KBr pellet (I 0 ) were collected and analyzed with an IFS 66 interferometer (Bruker Optics, Ettlingen, Germany). To avoid spurious spectral components due to atmospheric CO 2 and H 2 O, the spectra were collected under vacuum. The optical density (O d ) of the sample was evaluated as O d ¼ lnðI 0 =I s Þ, this being proportional to the absorpion coefficient of the sample itself.
The amide I band, centered at 1660 cm À1 , was analyzed in detail by a fitting procedure employing six Gaussian components. These components were assigned to a -sheet (centered at 1638 cm À1 ), a random coil (1645 cm À1 ), an -helix (1654 cm À1 ), a -turn (1667 cm À1 ), a -type (mainly antiparallel -sheet) (1686 cm À1 ) and an intermolecular -sheet (1619 cm À1 ). The curve-fitting procedure was calculated by IGOR software (IGOR Pro v. 4.0, WaveMetrics, USA).
In vivo small intestinal digestibility. The in vivo digestibility was determined in an acute (1 h) experiment with growing rats (Hooded Lister strain), as described by Carbonaro et al.
18) The rats were killed exactly 1 h after the administration by gavage of 100 mg of protein resuspended in phosphate-buffered saline (PBS).
The protein digestibility (%) was calculated by the ratio between the protein absorbed in the small intestine and the protein ingested, after subtracting the protein in the stomach:
where P.D. = protein digestibility; P ing = mg of protein ingested; P st = mg of protein in the stomach; and P int = mg of protein in the small intestine. The stomach and intestinal values of proteins from the rats given PBS alone were used to correct for any endogenous protein contribution. All management and experimental procedures were carried out in strict accordance with the requirements of UK Animals (Scientific Procedures) Act 1986 by staff licensed to carry out such procedures.
Statistical analysis. All tests were run at least in triplicate. An analysis of variance and Duncan's multiple-range test were performed. The significance of the difference was set at P < 0:05.
Results and Discussion
The protein content (N Â 6:25) of the 7S globulin preparation, as determined by the Kjeldahl method, was 85%.
SDS-PAGE of the 7S globulins under reducing conditions ( Fig. 1) showed major bands at 43-53 kDa, corresponding to the typical band pattern of the phaseolin subunits. No major bands at M r corresponding to 11S globulin components (expected at 34 and 18-26 kDa) were detected in the 7S globulin preparation. In addition to SDS-PAGE, an amino acid analysis was carried out to check the purity of the 7S globulins (Table 1) . Amino acid composition of our 7S globulin preparation showed close correspondence with that reported for the 7S protein from P. vulgaris seeds. 19) As already found, the 7S globulins were characterized by high percentages of aspartic and glutamic acids and of lysine and arginine, while containing a very low amount of sulphur amino acids (methionine and cysteine). Indeed, methionine and cysteine are the first limiting amino acids in 7S globulins, with a chemical score of 0.48, followed by tryptophan (chemical score of 0.73) ( Table 2 High-molecular-weight standards (HM, from 205000 to 36000) and low-molecular-weight standards (LM, from 66000 to 14000) are described in the Materials and Methods section. 21) has indicated a low nutritional value of proteins in P. vulgaris seeds, the values for NPU and RPV being 0.41 and 0.39, respectively (Table 2 ). This has been ascribed to several factors, including the limited amount of sulphur amino acids, poor digestibility and low bioavailability of essential amino acids. Despite significant differences in the amino acid composition, all legume globulins have been found to have a high content of aspartic acid/asparagine and glutamic acid/glutamine, as well as of basic amino acids.
19) The presence of highly negatively charged regions at the protein surface due to the carboxylic groups of aspartic/glutamic acids is of primary importance in the protein solubility behaviour of globulins. Indeed, they are rather acidic proteins with a pI value ranging from 4.5 to 6.6. Therefore, the protein solubility of the 7S globulin preparation was tested in the pH range 1.0-12.0, either in water or in the presence of NaCl.
The protein solubility of the native and heat-treated globulins is shown in Fig. 2 . As expected, a sharp minimum solubility of the native proteins (10%) was observed in water at pH 4.5. Maximum values (!80%) were observed either below pH 3.0 or above pH 7.0. The profile obtained closely resembles that already reported for such legume proteins as common bean and chickpea with a prevailing content of 7S versus 11S globulins. 8) Shielding of the charged groups by NaCl can be expected to improve the solubility by increasing the electrostatic repulsive forces and, therefore, by reducing protein aggregation. In 0.5 M NaCl, a small increase in solubility of the globulins was obtained in the pH range around the pI value (pH 4.5-5.0, P < 0:05) (Fig. 2) . After the heat treatment, the solubility of the globulins was markedly lower over most of the pH range tested, a significant (P < 0:05) increase in solubility only being measured above pH 10.0. Similarly, NaCl had quite a limited effect on the extent of solubility of the denatured globulins which was slightly increased at extreme values of the pH range, pH 2:0 and pH 10.0 (P < 0:05).
The protein solubility behaviour of the 7S globulins indicated that both electrostatic interaction and hydrophobic force played a role in the subunit association of either the native or denatured protein. In respect of the latter, the lack of increased solubility at the isoelectric pH value in the presence of NaCl suggested the strong involvement of hydrophobic force in the protein insolubility through stabilization of the heat-induced aggregates that were built up from the dissociated 7S subunits. Characterization of the native and heat-treated proteins of P. vulgaris has shown that, in the neutral pH range, native 7S protein was mainly in the trimeric state (MW 170000), but that a small amount of aggregates was already present (MW > 670000). 8) Upon heating, the extent of aggregation was increased, as was evident from the increase in the peak eluted at the void volume (MW > 670000). 8, 22) Our present results suggest that these aggregates were quite stable, being stabilized by hydrophobic interaction (Fig. 2) .
The proteins of the whole common bean have been shown to undergo a higher degree of solubilization under comparable conditions than the isolated 7S globulins, 8) probably because of the good solubility of the albumin fraction. It is also possible that minor seed components, as minerals may have reduced electrostatic interaction by binding to negatively charged residues, thus improving the solubility.
A comparison of the solubility profiles has indicated a different route toward the aggregation of the various legume proteins, this being likely because of a different balance between the major forces involved in protein solubility (electrostatic interaction, hydrogen bonds and hydrophobic force). Although involving different pathways, the heat treatment has been responsible for a high degree of protein insolubility in all legume species. 8) We have provided evidence that the extensive degree of insolubility of legume proteins that occurs upon heating may have a negative impact on the digestibility: the major proteolytic cleavage sites by trypsin in the small intestine, that is lysine and arginine, would be inaccessible because being trapped inside the protein aggregates. 23) Indeed, the solubility of cooked common bean proteins has been shown to depend on the loss of charge of lysine and arginine through deprotonation of the "-amino and guanidino groups (pK a 10.0 and 12.5, respectively). However, this can only be achieved under strongly, not physiological, alkaline conditions, where the 7S protein typically undergoes dissociation from the trimeric to monomeric form. 8, 24) Our results have suggested that small differences in the solubility behaviour of oligomeric proteins, which often reflect significant differences in the association state, may have an impact on the overall quality of these proteins by affecting their susceptibility to in vivo proteolytic digestion. 8, 18) The in vivo small intestinal digestibility tests on the 7S globulins, before and after protein denaturation, indicated that the autoclaved globulins had slightly, but significantly, lower digestibility than the raw bean globulins (86% and 90%, respectively, P < 0:05) (Fig. 3) . The digestibility of cooked common bean (85%) corresponds to that of the denatured 7S globulins.
There is increasing evidence that a low nutritional value of legumes may be dependent at least in part on the conformation of its globulins. FT-IR spectroscopy of the 7S globulin preparation was performed in order to obtain information on the secondary structure composition (-helix, -sheet, -turn and random coil) by an analysis of the amide I region.
FT-IR spectroscopic characterization indicated a high content of beta conformation, consisting of 21% -sheet (frequency of deconvolved infrared band at 1638 cm À1 ) and 16% -turn (1667 cm À1 ) (Fig. 4) . In addition, a contribution at 1687 cm À1 , this being diagnostic of an aggregated, intramolecular -sheet conformation, 25) was identified in the amide I region. The latter accounted for 20% of the total spectral contribution, thus indicating that a percentage of the structurally stable beta aggregates was already present with 7S protein in the native state.
Our results are in agreement with previous observations showing storage globulins from both monocotyledonous and dicotyledonous seeds to contain a high level of -sheet structure. 26, 27) As a consequence, a high propensity to the irreversible aggregation of 7S globulins is expected, 28) as has indeed been observed in the present and in previous studies. 8, 29) Conformational changes of proteins might also occur under the pH conditions involved with gastrointestinal digestion. However, our previous evidence on the structure of legume proteins at different pH values and during gastrointestinal processing has suggested that these proteins underwent little change in conformation. 22, 30) This is consistent with the results of the present study that indicate a high percentage of beta structure and the presence of aggregates as peculiar features of 7S globulins from P. vulgaris seeds.
Some of the adverse effects that have been reported from the consumption of 7S globulins 31, 32) may therefore possibly be related to unknown properties of beta complexes of high stability. Rats fed on a diet containing a highly purified preparation of phaseolin have been observed to rapidly loose weight. 31) Similarly, the low nutritional value of chickpea or lentil meals has been related to the adverse effects of globulins on the growth and N metabolism which could not be ascribed to an amino acid imbalance. 32) Such adverse effects might also include preserved antigenicity, as has been described for storage proteins from peanut and other structurally related major food allergens. 7, 33, 34) Further studies by FT-IR spectroscopy are in progress to clarify the structural modifications to legume proteins that may be relevant to their nutritional quality.
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